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efficacy of HIPVs on insect herbivores is poorly understood. This is due in part to the fact that 91 the consideration of diverse phytochemicals acting as a selective pressures driving insect pest 92 feeding strategies has largely excluded volatile consitutents (Endara et al. 2017; Feeny 1976 ; 93 Howard V. C. and Bradford A. H. 2003). The vast majority of insects have evolved host range 94 specialization, feeding on only one or a few closely related species (Forister et al. 2015) , while a 95 minority of insect herbivore species has a more generalist host range. Evolutionary theory 96 predicts that phytochemicals that are widespread among different plant taxa will be less toxic 97 to generalist insects compared to specialists (Howard V. C. and Bradford A. H. 2003) . HIPVs 98 tend to be common across plant taxa, and some HIPVs can be pre-synthesized, stored in 2013). Insect pests must therefore cope with potential toxic effects of HIPVs by either direct 103 ingestion or headspace exposure.
104
The insect order Lepidoptera (butterflies and moths) contains many of the major 105 agricultural pests that cause significant damage and economic loss of food crops worldwide 106 (Vreysen et al. 2016) . Known lepidopteran pests include both feeding specialists and 107 generalists. To combat these pests, potent and toxic synthetic chemicals are frequently used in 108 current agricultural systems (Cordero et al. 2006; Ecobichon 2001; Pimentel 1996) . However, Here, we evaluated the hypothesis that HIPVs are acutely toxic to insect herbivores. . 129 First, we tested the larvicidal activity the six individual HIPVs against a common predicted that indole and the terpenes would be relatively more toxic than the GLVs. Results 138 from this experiment led us to focus our work specifically on indole. We tested the larvicidal 139 activity of indole on six agriculturally important caterpillar species with different host ranges. , we hypothesized that indole toxicity would increase with herbivore host specialization. 142 That is, specialists would be more sensitive to indole than would be generalists. Lastly, we 
Materials and Methods

148
Plant volatiles 149 We used six common, commercially available HIPVs belonging to different biosynthetic 150 pathways. Three compounds were GLVs derived from the lypoxygenase pathway: cis-3-hexenol 151 (97%) (CAS: 928-96-1; TCI America), cis-3-hexenyl acetate (99%) (CAS: 3681-71-8; TCI America), 152 and trans-2-hexenal 98%) (Sigma-Aldrich). Two terpene representatives were the 153 sesquiterpene β-caryophyllene 97% (CAS: 87-44-5; MP Biomedicals) and the monoterpene 154 linalool (97%) (CAS: 78-70-6; Alfa Aesar). Finally, we tested the nitrogen-containing compound 155 indole (97%) (CAS: 120-72-9; TCI America) that derives from the shikimic acid pathway. 
Results
226
HIPV toxicity against S. exigua 227 Indole caused highest larval mortality of all six HIPVs tested ( Fig. 2A) . With the 228 exception of β-caryophyllene, all HIPVs that were directly consumed in dietcaused complete 229 mortality at some concentration tested ( Fig. 2A) . In contrast, no HIPV showed any toxicity to 230 S.exigua when administered in headspace alone at any concentration (Fig. 2B ). Based on LC 50 231 values, indole was more than 7 times more larvicidal than was the second most potent volatile 232 (linalool) among all the HIPVs tested against S. exigua (indole LC 50 = 0.35 mg/ml; linalool LC 50 233 =2.59 µl/ml) ( Fig. 3) . GLVs were relatively less toxic: cis-3-hexenol (LC 50 = 3.32 µl/ml diet), cis-3- 234 hexenyl acetate (LC 50 =4.61 µl/ml diet) and cis-3-hexenal (LC 50 =4.85 µl/ml diet) ( Fig. 3) . β- Indole toxicity relative to caterpillar host range 239 The caterpillar species with restricted host ranges were more sensitive to indole than 240 were the generalist caterpillars. The LC 50 of indole for the four widely generalist pests ranged 241 from 0.18-0.35 mg/ml diet (Fig 4) . Specifically, the LC 50 of indole was 0.35 mg/ml for S.exigua 242 (Fig. 4A) , 0.29 mg/ml for S. frugiperda (Fig. 4B) , 0.27 mg/ml for H. zea. (Fig. 4C) , and 0.18 mg/ml 243 for H. virescens (Fig. 4D) . In contrast, the LC 50 of indole was 0.05 mg/ml for both the velvetbean 244 caterpillar (A. gemmatalis) and the cabbage looper (T.ni) (Fig. 4E,F) . That is, indole was 3.6-7.0 245 times more toxic for the two more specialized caterpillars than it was for the four generalists. 248 Consistent with our first experiment using S.exigua (Fig. 2B) , indole present only in 249 headspace had no effect on T. ni caterpillar mortality (Fig.5 ). Furthermore, there was no 250 inhibitory effect of any tested concentration of indole on egg hatching success of either S. 251 exigua or T. ni caterpillars (Fig. 6A,B ). Because these two caterpillar species were the most 252 (S.exigua) and least (T.ni) sensitive to indole, we did not conduct headspace bioassays for 253 mortality or egg hatching on the other caterpillars. For example, the LC 50 values we obtained for the three GLVs tested, cis-3-hexenol (3.32 267 µl/ml), cis-3-hexenyl acetate (4.61 µl/ml), and trans-2-hexenal (4.85 µl/ml) (Figure 3) , are 268 similar to those reported against stored pest beetles (0.6-3.32 mg/g) (Hubert et al. 2008) . 269 Similarly, the larvicidal activity of the terpene linalool against S.exigua in our study (LC 50 of 270 2.59 µl/ml) is comparable to previous work testing linalool against the European corn borer 271 (Lee et al. 1999 ). This suggests that the LC 50 values we obtained may be broadly applicable 272 across insect taxa. 273 A key finding is that indole is considerably more toxic than the other HIPVs tested. In In our study, indole in headspace alone did not affect caterpillar survival or egg 286 hatching. In fact, none of the volatiles tested showed any effect when present in headspace 287 alone (Fig. 2B) . In previous work, volatile indole reduced survival of the generalist herbivore 288 S. littoralis by ~10% in neonates and ~6% in 1 st instar (Veyrat et al. 2016 ). This study also 289 noted decreases in food consumption and, surprisingly, increases in larval weigh under indole 290 treatments (Veyrat et al. 2016 ). While we did not find similar effects with S.exigua, our study 291 was focused on larvicidal activity as reflected in LC 50 , which is fundamentally different metric. 292 So, it appears that volatile exposure may exert non-lethal influences on caterpillar fecundity. 293 That said, exposure of eggs to indole in headspace also had no effect on hatching success of 294 either S.exigua or T.ni. (Figure 6 ), which is consistent with previous work (Veyrat et al. 2016 ). Krieger et al. 1971) , whereas specialist herbivores are more tolerant to compounds specific to 302 their host range but sensitive to more common phytochemicals (Whittaker and Feeny 1971) . 303 In other words, there is a tradeoff between chemical detoxification and host specialization. 
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